During the last 30 years, there have been marked declines in the populations of many British songbirds breeding on farmland, while two of their main predators, sparrowhawk (Accipiter nisus) and magpie (Pica pica), have spread back into areas from which they had disappeared. The causes of the songbird declines remain unclear but given the coincidence in timing, it might appear that increased predation could be responsible. Although many studies have failed to ¢nd links between changes in the populations of breeding songbirds and mortality from avian predators, previous work has, with few exceptions, involved only short-term studies on small spatial scales. Here we use large-scale, long-term data from a national bird census scheme to examine whether magpies and sparrowhawks could have depressed the rates of year-to-year population change in 23 songbird species. Our results indicate that magpies and sparrowhawks are unlikely to have caused the songbird declines because patterns of year-to-year population change did not di¡er between sites with and without these predators.
INTRODUCTION
Research into the role of predators in regulating the distribution and abundance of organisms has been characterized by considerable controversy. Perceived con£ict between the interests of nature conservationists and those involved in game-shooting has made the e¡ect of predators on bird populations a particularly contentious issue (Newton 1993) . Adding to the controversy, there have been marked and largely unexplained declines in the populations of many British songbirds over the last three decades, and while these have coincided with wide-ranging changes in agricultural practices, they have also coincided with large-scale expansions in the populations of predatory magpies and sparrowhawks (Marchant et al. 1990; Fuller et al. 1995; Gibbons et al. 1996) . It might seem unlikely that these population declines could have been driven by predation from magpies and sparrowhawks: many studies have failed to ¢nd e¡ects of avian predators on songbird populations (Newton 1993) , but apart from a small number of studies (Gooch et al. 1991; Newton et al. 1997) , these have been short-term and small-scale. Here we aim to study whether magpies and sparrowhawks a¡ect the rates of population change in a wide range of songbird species using large-scale long-term data from a national bird census scheme.
METHODS

(a) The common birds census
The common birds census (CBC) (Marchant et al. 1990 ) has monitored breeding bird numbers since 1962 (table 1; ¢gure 1). Volunteers have visited around 200 woodland and farmland CBC plots ten times each year to map bird territories (Marchant et al. 1990) . The CBC covered the period when sparrowhawks spread eastward into intensive arable farming areas as many of the organochlorine pesticides which had caused their elimination were withdrawn progressively from use (Newton & Haas 1984) . It also covered the period when the number of lowland gamekeepers declined and magpies too spread east . The CBC therefore o¡ers an exceptionally large-scale long-term data set with which to look for correlations between the presence of predators at individual sites in individual years and the rates of songbird population change at these sites between consecutive years. It provides an excellent opportunity to look for a link between the declines of British songbirds and the expansion of magpie and sparrowhawk populations. We examined 23 species censused by the CBC; all of these are taken as prey by sparrowhawks (Newton 1986) , and the nests of many are also vulnerable to magpies which eat eggs and nestlings (Birkhead 1991) .
For each of these songbirds, we compared inter-annual changes in the territory counts between individual plots where each predator was or was not recorded at least once during the season. There were three reasons why we used this presenceâ bsence measure rather than territory counts for the predators. First, we wanted to include potential e¡ects of non-breeding predators. Second, sparrowhawks are elusive and may only be seen a few times even when holding territory. Third, although breeding magpies are conspicuous, it is di¤cult to count them reliably when they occur at high densities. Because of the large number of plots and years, potential e¡ects of magpies and sparrowhawks are not confounded and can readily be distinguished.
Few plots have been censused throughout our entire study period (1965^1995), but we used data from plots where standard census methods yielded at least seven measures of inter-annual rates of population change. Thousands of data points were available for many of the 23 songbird species studied (table 1). These species had a range of body sizes, diets, habitat requirements and migratory behaviour (Snow & Perrins 1998) . They included hole-nesting species, whose eggs and nestlings are mostly protected from magpie predation, and open-nesting species. Many showed marked population declines over the study period but some remained stable, or increased (Crick et al. 1998 ).
(b) Analytical methods
We conducted our analysis in two stages. First, given that the national declines of many songbirds appear to have coincided with the national expansions of the magpie and sparrowhawk populations, we looked for simple statistical relationships between rates of songbird population change on individual CBC plots and the presence or absence of each predator on each plot in each year (model R). However, because independent changes in both predator and prey populations could cause spurious statistical correlations, we then corrected for nationwide changes in rates of songbird population change and looked at whether rates of songbird population change still di¡ered between plots with and without predators (model R t ). This second stage allowed us to examine whether, at any given time, rates of songbird population change were lower on plots where predators were seen than on plots where they were not seen.
(i) The population model
Analyses were based on the population model
where N t,i is the abundance of songbird territories in year t on plot i, R [or R t ] is the expected value of log e (N t 1Yi aN tYi ) [in year t] in the absence of predation and intraspeci¢c competition; H t,i and M t,i are dummy variables indicating the presence (1) or absence (0) of sparrowhawks and magpies, respectively, on plot i in year t; b and c are the amounts by which log e (N t 1Yi aN tYi ) is reduced if sparrowhawks and magpies, respectively, are present. (The same conclusions were reached when each predator was studied separately (method 2; table 2), when H t+1,i and M t+1,i were used in place of H t,i and M t,i , and when sparrowhawk and magpie counts were used in place of H t,i and M t,i .)
(ii) Accommodating density dependence, standardizing abundance Because density dependence might otherwise mask e¡ects of predators, we included S t,i (a standardized measure of songbird abundance on each plot) in the model. Although a is nominally the amount by which log e (N t 1Yi aN tYi ) is reduced below R [or R t ] for each unit of standardized songbird abundance, the estimate of a is also known to be in£uenced by measurement error in songbird counts (Wolda & Dennis 1993) . This approach does not therefore provide a formal means of testing statistically for density dependence but it is a parsimonious way of accommodating any density dependence while focusing on the e¡ects of the predators.
When allowing for density dependence, we standardized songbird numbers by dividing by the average abundance counted on the plot across all years to correct for di¡erences in the size and habitat quality of CBC plots. Because of population trends however, the average songbird abundance also depends on the run of years over which birds on the plot is censused, so we used the techniques of Ter Braak et al. (1994) to produce a mean national population index for the census period and multiplied by this.
We considered this two-stage standardization procedure (method 1, table 2) to be the most appropriate, but we tried other methods to check our conclusions were robust. In method 3 we only divided the annual counts by the average count for the plot and did not incorporate the national index values. In method 4 we did not standardize songbird abundances at all. Instead, using plots with at least 12 measures of songbird population change, we avoided the problem of di¡erences in plot size and quality by ¢tting a model that estimated the e¡ects of songbird, sparrowhawk and magpie abundances on the rate of population change using separate estimates of parameters analogous to a, b and c for each plot, while keeping R or R t common across plots. Across all methods (table 2), model R yielded several signi¢cant correlations between the rate of songbird population change and the presence of predators, but model R t yielded no more than would be expected by chance. In other words, all methods pointed to the conclusion that predators did not a¡ect rates of songbird population change.
(iii) Implementing the analyses Using N t+1,i as the dependent variable, we ¢tted generalized linear models in SAS PROC GENMOD (SAS Institute 1996) using Poisson errors and a log link function. We excluded all cases where N t,i 0 because log e N t,i was ¢tted as an o¡set (i.e. an explanatory variable with a ¢xed coe¤cient of 1). We estimated R by ¢tting an intercept, and R t by ¢tting year as a factor. S t,i , H t,i and M t,i were the independent variables. For methods 1, 2 and 3, Wald 1 2 -tests (adjusted for overdispersion with the DSCALE option (SAS Institute 1996)) were used to test whether b and c di¡ered from zero. With method 4, we used a binomial sign test to examine whether the frequencies of negative values for b and c di¡ered from those expected by chance.
(c) Statistical power
Although the second stage of the analysis (model R t ) involved the estimation of more parameters from the data, and although this could under some circumstances reduce the precision with which the parameters of interest, b and c, are estimated, we checked that in practice the data were su¤ciently abundant for this not to be a problem. We evaluated changes in the precision of the estimates of b and c by comparing their standard errors between the R and the R t model for each species.
(d) Spurious correlations with non-predatory birds
To examine further the possibility that independent but coincident national population changes could give rise to spurious correlations between rates of songbird population change and the presence of predators, we repeated the analysis replacing the data on the predators with data on collared doves Streptopelia decaocto which are not predators of songbirds. Collared doves expanded their range during the same period as magpies and sparrowhawks, but they spread from the east rather than from the west (Marchant et al. 1990 ). a The number of observations of the rate of inter-annual songbird population change. b Species categorized as either increasing or decreasing have shown at least a 25% net change in population size during the period 19721 996 (Crick et al. 1998) . c Hole-nesting species whose eggs and chicks are therefore mostly protected from magpies. Values shown are the amounts by which log e (N t + 1, i /N t,i ) is a¡ected by the presence of each of the predators, i.e. negative values show that the rate of population change is lower when predators are present. Standard errors are shown in brackets. These are the results before signi¢cance levels were corrected for multiple tests. The signi¢cant correlations in R t should not be regarded as showing a causal e¡ect of predation because none is signi¢cant after correcting for multiple tests. * Signi¢cant results are in bold and asterisked.
RESULTS
(a) Model R
In the ¢rst stage of the analysis (model R), from 46 possible correlations we found seven statistically signi¢-cant relationships between rates of songbird population change and the presence of magpies and 13 signi¢cant relationships with the presence of sparrowhawks (table 1; ¢gure 2a). Of these, 11 relationships (all negative) were still signi¢cant after the Bonferroni method was used to correct for multiple tests. There were more negative than positive relationships (¢gure 2a), mainly because of correlations with declining species.
Similar correlations were found with the presence of collared doves, demonstrating that these patterns could re£ect independent but coincident population changes, rather than causal e¡ects of predation (table 1; ¢gure 2a).
In the second stage of the analysis (model R t ), by including year as a factor in the models, we controlled for other environmental changes that could a¡ect bird populations and tested whether rates of population change still di¡ered between plots with and without predators. In this second stage, from the 46 possible correlations examined, we found only three signi¢cant relationships (two negative and one positive) between rates of songbird population change and predators (table 1; ¢gure 2b), and none of these were signi¢cant when the Bonferroni method (Sokal & Rohlf 1995) was used to allow for multiple testing. A similar correlation was found with collared doves (table 1; ¢gure 2b).
(c) Statistical power
We veri¢ed that the smaller number of signi¢cant correlations in the second analysis (model R t ) did not result from a marked increase in the standard errors of b and c, but from reductions in the magnitudes of b and c themselves. The standard error of b (sparrowhawk e¡ect) increased by an average of only 0.000499 (mean change +2.1% of s.e. for model R; range 713.6% to +13.1%) and that of c (magpie e¡ect) actually declined by 0.000576 (mean 73.0%, range 718.1% to +2.8%).
DISCUSSION
Although the population declines of many songbird species coincided with the spread of both magpies and sparrowhawks through rural Britain, and although this in itself can give rise to statistical relationships between rates of songbird population change and the presence of predators on individual plots, the population declines have also coincided with other long-term large-scale changes such as the spread of collared doves, and rates of songbird population change correlate with these too. At any given time, geographical variation in the rate of songbird population change was not related to the presence of sparrowhawks or magpies.
There is good evidence that predators can a¡ect gamebird populations (Newton 1993; Tapper et al. 1996; Redpath & Thirgood 1997) , and it could be that magpies (table 1) . This ¢gure shows the results before the signi¢cance levels were corrected for multiple tests. Results are only shown for method 1 (see ½ 2.) although we checked that the same conclusions were reached with slightly di¡erent analytical techniques. Model R t controls for nationwide yearly variation in rates of interannual songbird population change, whereas model R does not. Note that our conclusions are robust because results are consistent across methodsönumerous correlations can be found in model R, but not in model R t öso although some songbirds declined as predators spread, declines were not more marked on plots with predators. The details of these methods are outlined in ½ 2. These are the results before signi¢cance levels were corrected for multiple tests.
and sparrowhawks have e¡ects on populations of breeding songbirds in a few species or in some speci¢c localities, but our analyses did not support the idea that these predators have depressed the national populations of the species studied here. The precise causes of the songbird declines mostly remain unclear but, since there is extensive evidence that the declines are a feature of farmland habitats (Fuller et al. 1995; Siriwardena et al. 1998) , it would be prudent to focus attention on the consequences of agricultural intensi¢cation (O'Connor & Shrubb 1986; Campbell et al. 1997; Pain & Pienkowski 1997; Wilson et al. 1997) .
